We report the observation of weak ferromagnetism up to T C Ϸ 250 K and a spin-glass-like behavior at temperatures below T SG Ϸ 30 K in nanoscale MnO particles. T SG is considerably lower and T C is much higher than the Néel temperature ͑T N = 122 K͒ of bulk MnO. While the dominant low temperature behavior ͑below 30 K͒ may be attributed to the effects studied in this system before, such as uncompensated surface spins in antiferromagnetic particles, no manganese oxides have been observed with the Curie temperature as high as 250 K. We explain the magnetic ordering below T C as due to indirect exchange of the type observed in dilute magnetic oxides, which can be mediated by crystal defects and/or surfaces. © 2010 American Institute of Physics. ͓doi:10.1063/1.3366611͔
Magnetic properties of nanoparticles and thin films of ferromagnetic ͑FM͒ and antiferromagnetic ͑AFM͒ metals and oxides are known to differ from those in the bulk. Examples include Co, Fe 3 O 4 , NiO, and MnO nanoparticle systems, [1] [2] [3] [4] [5] where decreased magnetic transition temperatures, spin glass features, and biased hysteresis loops due to disorder and the effects of uncompensated surface spins have been discussed, 5, 6 in addition to possible spurious effects from secondary phases. 7 On the other hand, recent experiments on transition metal-doped nonmagnetic oxides, e.g., Co-doped TiO 2 or Cr-doped ZnO show that ferromagnetic ordering can be induced between dopant ion spins mediated by structural defects, [8] [9] [10] including surface and interface 11 ͑dilute magnetic oxides or DMOs͒. It is natural to suggest that similar indirect ordering can be also revealed in a transition metal oxide in paramagnetic state, provided the material is highly defected or has reduced dimensionality. In this work, the existence of such additional ferromagnetism up to 250 K is demonstrated in MnO nanoparticles. Bulk MnO with the rock salt structure is antiferromagnetic with the Néel temperature, T N = 122 K. It has been reported that nanoscale MnO particles can show FM or spinglass-like behavior at low temperatures, attributed to uncompensated surface spin effects, [12] [13] [14] or possible formation of Mn 3 O 4 with T C ͑=43 K͒ on the surface of the MnO core. 7 Our single-phase, pure, monosized MnO nanoparticles ϳ10 nm in diameter also show anomalous behavior at low temperature. Scaling analyses point at a spin-glass-like state with the freezing temperature of ϳ30 K, which is consistent with interpretations discussed in the literature. [15] [16] [17] However, none of the mechanisms proposed for MnO before can explain the observed high temperature ordering with T C ϳ 250 K. The possibility of material contamination being responsible for the FM signal was practically eliminated by comparison of samples prepared in six different syntheses runs. All resulting samples showed high temperature FM. Crystallographic phase purity was checked with x-ray diffraction ͑XRD͒ and transmission electron microscopy ͑TEM͒ characterization, which does not completely exclude the presence of tiny quantities of secondary phases. However, no Mn-O phase has been reported FM or AFM in the bulk at temperatures as high as 250 K. Hence the observed ferromagnetic behavior cannot be attributed to secondary Mn-O phases.
Monodispersed MnO nanoparticles were prepared by thermal decomposition of a Mn-oleate complex in an organic solvent. 18 A Mn-oleate complex was prepared by mixing 0.2 g of Mn 2 ͑CO͒ 10 in 2 ml of oleylamine at 100°C. The complex solution was cooled to room temperature and then 10 ml of trioctylphosphine was added. For the growth of nanocrystals, the mixed solution was heated up to 280°C under argon atmosphere and kept under vigorous stirring for 1 h. The reaction was then cooled to room temperature and the nanoparticles were obtained by adding ethanol, followed by centrifugation. They were then redispersed in nonpolar solvents such as hexane or toluene. TEM imaging ͑Fig. 1 inset͒ confirms that the particles are monosized with diameter ϳ10 nm. The peaks of the XRD -2 scans ͑Fig. 1͒ are indexed as single-phase MnO. Comparison with the peaks obtained for a commercial powder ͑Sigma-Aldrich ϳ60 a͒ Also at NanoTech User Facility, Center for Nanotechnology, University of Washington, Seattle, WA 98195. mesh͒ shows that the lattice constant in our nanoparticles is decreased by 1.05%, apparently due to surface relaxation.
DC and AC ͑100 HzՅ f Յ 10 kHz͒ magnetic moments were measured in the Quantum Design physical properties measurement system. Magnetization curves were measured in fields up to 90 kOe over the temperature range from 10 to 330 K and showed spontaneous magnetization and hysteresis up to ϳ250 K. Figure 2͑a͒ shows the hysteresis loops at 10 and 205 K and Fig. 2͑b͒ shows the temperature dependence of spontaneous magnetization ͑M s ͒, where M s has been determined by extrapolating the high-field magnetization back to H = 0. Spontaneous magnetization ͓Fig. 2͑b͔͒ reduces sharply near 30 K, but remains at the level of ϳ0.2 M s ͑10 K͒ in the range ϳ50-250 K. In Fig. 2 , magnetization is shown both in emu/g and B / Mn atom. Taking into account that the moment of Mn 2+ is 5 B , we notice that only a small fraction of Mn atoms contribute to M s : ϳ 1% at T Ͻ 30 K and ϳ0.2% at 50 K Ͻ T Ͻ 250 K.
The data shown in Fig. 2 reveal ferromagnetism up to 250 K, with two distinctly different types of behavior below and above ϳ30-40 K. The low temperature hysteresis has been observed in MnO nanoparticles before 7 and is analyzed in some details below. However, the magnetic state in the temperature range ϳ50-250 K is puzzling, as no bulk manganese oxide phase has magnetic ordering temperature as high as 250 K. We suggest that this ferromagnetism may be analogous to that observed in dilute magnetic oxides. In other words, part of the Mn spins are ferromagnetically aligned in the paramagnetic matrix. The difference with the conventional DMO is that in DMO the aligned moments are those of the dopant ions, while in the case of MnO nanoparticles, Mn ions themselves possess moments, and part of them are ordered even at high temperature. One point of view on ferromagnetism in DMO is that it is mediated by crystal defects, [8] [9] [10] [11] 19, 20 surface being one important case.
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Extending this concept to MnO allows to explain why FM can be observed in nanoparticles and is absent in bulk MnO. In the hysteresis loop measured at 10 K, after field cooling in 90 kOe, shown in Fig. 2͑a͒ the coercivity is largeabout 6.8 kOe-and the loop is displaced by about 1310 Oe along the ordinate. The hysteresis loop is not closed at +9 T ͓Fig. 2͑a͒ inset͔. Similar features can be observed in spin glasses; so we performed a more detailed study showing that the low temperature properties of MnO nanoparticles indeed fit the spin glass models. Figure 3͑a͒ shows the temperature dependences of AC susceptibility ͑100 HzՅ f Յ 10 kHz͒. In the Ising model of a spin glass, the relaxation time follows the relation: = 0 ͓͑T f −T SG ͒ / T SG ͔ −zv , where ϰ f −1 and the critical exponent z typically ranges from 7 to 10. [21] [22] [23] T SG is the critical temperature for spin glass ordering which is equivalent to the freezing temperature T f ͑f͒ at f → 0, and o is the characteristic time scale for spin dynamics. In our case, the Vogel-Fulcher scaling analysis 24 gives T SG = 29.5 K, the scaling exponent z ϳ 9.2 and o ϳ 10 −12 ͓Fig. 3͑a͒ inset͔, in reasonable agreement with the model and prior experimental results for spin glasses. Further evidence in favor of the spin glass behavior below T SG ϳ 30 K in MnO nanoparticles follows from the de Almeida-Thouless ͑AT͒ scaling analysis on the zero-field-cooled and field-cooled ͑ZFC-FC͒ DC magnetization measurements at varying applied fields ͓Fig. 3͑b͔͒. The data fits well ͓Fig. 3͑b͒ inset͔ to the AT equation 25 ⌬T f / ͓T f ͑⌬ log f͔͒, which varies in the range of 0.004-0.018 for spin-glass systems, while for superparamagnets it is of the order of 0.3. 26, 27 The result for our samples ͑0.023͒ does not provide additional conclusive evidence. However, with a high degree of reliability, we do observe spin-glass-like behavior in this temperature range. Whether it is a true spin glass state of uncompensated surface spins, or spin-glass-like behavior due to dipolar interactions between ferromagnetic nanoscale particles remains unclear.
In conclusion, the main result of this work is the observation of a ferromagnetic state with the Curie temperature T C ϳ 250 K, considerably higher than the Néel temperature of bulk MnO. This observation is explained using a hypothesis that defect-͑surface-͒mediated indirect exchange, similar to that found in dilute magnetic oxides, is possible in transition metal oxide nanoparticles. The second property of this system-low temperature hysteretic magnetization which has been reported before-is found to have features of a spin glass with the transition temperature T SG Ϸ 30 K. The small size of the particles is responsible for both the low temperature spin-glass and high temperature ferromagnetic effects in MnO.
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